Abstract
Introduction
Atmospheric ozone is one of the leading minor Earth chemical constituents as well as positive Earth's atmospheric radiative forcing active species [1] [2] . It absorbs completely solar ultraviolet (UV-A) radiation below 280 nm and partially attenuates UV-B (Ultra-Violet-Biological Radiation) solar radiation between 290 -320 nm along with absorbing the on-going reflected terrestrial Infrared (IR) radiation, i.e., perturbs the radiative energy balance of the upper troposphere and lower stratosphere [3] . Therefore, the stratospheric ozone generated through photochemical processes provides a protective layer shielding to the Earth environment against the attenuation of harmful solar UV-B radiation in stratospheric height from 15 to 40 Km and saves the public health as well as an eco-vegetations of the surrounding region around observing location. It, further, influences the atmospheric stability of thermal structure, i.e., cooling and warming effect in accordance with depletion and enhancement of TOC [4] - [7] . At the same time, ozone available over the Earth's surface to 10 Km (Troposphere) is produced mainly by anthropogenic activities and exhibits harmful effect on natural vegetation, air quality, human health, Earth's atmospheric climate change, etc., even their availability of small concentration in parts per billion levels [1] . As a result, atmospheric ozone, available at various altitudes from Earth's surface to troposphere and stratosphere, behaves as the dual nature like as either a bad or a good ozone, respectively [7] - [9] .
Since stratospheric ozone concentrations share about more than 90% of the Total Ozone Content (TOC) amount in the Earth's atmosphere, and it shields from dangerous solar incident UV radiation to our human being life on the Earth system. It has furthermore implication to global environmental and Earth climate issue, i.e., radiative forcing of climate [3] [9] . In addition to this, recent studies have also given the evidence about the consequences of the reduction of TOC in term of enhancement of ground level solar UV radiation intensities. Their findings highlighted that about 1% decrease TOC in DU (Dobson Unit, a unit of TOC) could cause about 2% increment in the UV-B radiation [10] - [15] .
With views of the above importance of perturbation on ground level reaching to the net solar UV radiation irradiation intensity and their serious impact on the human health and environmental change assessment, stratospheric ozone or TOC investigations have been the cynosure for atmospheric scientists and common person's life. Thus, numerous kinds of atmospheric ozone studies were conducted in past decades to elucidate the TOC variability over the distinct geographical and environmental locations along with in special time scales ranging from solar cycle (11 years) to planetary wave scale (few days) etc. [16] - [24] . Since after motivation from the greatest scientific discovery of the present century, i.e., the "Ozone Hole" over Antarctica by Farman [10] , the assessment of year to year change in TOC over various parts of the world has been further motivated. Therefore, now it becomes a frontier research topic, which is seriously concerned with global environmental warming issue [17] [18] [21] [25]- [30] . In the past one decade, several investigations over various parts of the world as well as also over Indian sites, based on both ground and satellites based TOC measurements, have been reported with emphasis on investigating the long term change in TOC over tropical sites. Their investigations bring out an overall declining trend of the TOC with various variability levels as high as 30 DU/decade to a minimum level of 2 DU/ decade over northern high, mid and low latitude stations [16] [17] [21] [31]- [36] .
In extended to such studies in more details, large numbers of researchers have proposed hypothesis and possible causes of negative trend of the TOC on the basis of several new pathways contributing to atmospheric ozone depletion phenomena time to time. They have made an attempt to establish the inter link between long-term change in TOC with atmospheric dynamics and chemistry coupled processes parameters like emission of Ozone Depleted Substance (ODS) as chemical catalyst Chlorofluorocarbons (CFCs), etc., stratospheric temperature, stratospheric cooling, El-Nino phenomena, planetary wave activity, tropopause height, cosmic ray, thunderstorm activities [19] [28] [37]- [43] .
In this context, over Indian site, the first ever observation about the reducing trend of TOC per decade was reported by Chakrabarty [5] . Subsequently, long-term trend analysis of TOC was also discussed by Indian researchers [5] [6] [21] [23] [36] . Such findings have been creating a lot of attention and interest to motivate to carry out further more in depth investigation of long-term changes in TOC along with special highlighting on their identifications of their possible causes. Most of such past studies over Indian region have been focused on the negative trend of TOC per decade with varying amount depending upon the locations. Their results have given the indication about the greater rate of annual TOC declining of 9 DU/decade over the Northern Indian zone, when compared to the central Indian region, where the annual declining trend is found of the 3 -5 DU/ decade. However, the statistically insignificant long-term TOC declining trend less than 1 DU/decade is ob-served over the southern Indian region.
It is more worthwhile to be noticed at this stage that, in the special reference to the tropical climate region, where nearly 40% of global atmospheric ozone is generated through the photochemical reactions due to the accessibility of a large plenty of incident solar radiation over the edges of this specific tropical region. But, it is transported towards higher latitudes by atmospheric transport dynamic mechanisms (e.g. Brewer-Dobson circulation). Thus, an excessive amount of ozone accumulates at higher latitudes relative to the lower latitudes, where it is created [28] .
Above and beyond this, net TOC over tropical latitudes is affected not only by the absorption of UV-B radiation, but all together it is also affected by clouds, aerosols, large-scale atmospheric transportation or stratospheric dynamics phenomena (i.e., Brewer-Dobson circulation) as well as reactions to long-lived chemicals in the atmosphere acting as catalysts, such as chlorine, bromine, hydrogen, and nitrogen (chlorofluorocarbons), especially at low temperatures [2] [14] [44] .
Realizing the above facts kept in mind, there are either very few or rare investigations on its identification of its possible causes of the declining TOC trend over Indian tropical zone, except by Vyas and Saraswat [23] . Thus, in order to capture the most possible causes of the ozone depletion level and their consequences on feasible enhancing of ground level reaching the dangerous solar UV-A and UV-B radiation band for human health, controlling the role of affecting the thermal structure of atmosphere etc., an attempt has been made in this paper to quantify the trend analysis of TOC variability on basis of averaged multiyear monthly TOC values over tropical station like Udaipur (24.6˚N, 74˚E; 580 m asl) along with to ascertain their inter-correlation between the declining trend of TOC with other new most relevant atmospheric parameters like Aerosols Index at 300 nm (AI 300 nm), stratospheric air temperature (AT, T˚C) at 30 mb, zonal wind velocity (V, m/s) and meridional wind velocity component (U, m/s). As such these atmospheric dynamics and UV absorption aerosol index parameters are especially considered in the course of the work in views of that tropical ozone concentration is predominantly governed through several mechanisms, i.e., photochemical, chemical and atmospheric dynamic transport processes or incident ground UV radiation level, aerosols, cloud and meteorological parameters, etc. [11] [23] [24] .
Data Analysis
The basis of the present study is comprised of daily value data set of TOC and AI300 nm collected by Total Ozone Mapping Spectrometer (TOMS) and Ozone Monitoring Instrument (OMI) on-board flown on the Earth Probe (NASA) during the period 2002 to December 2003 and the Dutch-Finnish Aura satellite during 2004 to 2009. These day to day values of TOC and AI300 nm data over Udaipur site are accessed from their websites at http://toms.gsfc.nasa.gov and http://aura.gsfc.nasa.gov. Several other concerned atmospheric parameters at stratospheric height for each monthly value have been downloaded for the similar geographical coordinate systems from NOAA website i.e., http://www.ready.noaa.gov. From the available such daily values of the TOC of the complete study period, the monthly mean values are calculated for their respective months of the years. The variations in monthly mean values of TOC have been plotted with function of months depicted for the entire study period. In order to quantify the trend analysis of change in TOC and to identify their possible causes, variations of monthly mean values of other atmospheric parameters like AI300 nm, U, V wind components and AT at 30 mb over the same study period along with their corresponding monthly TOC variations are illustrated in the same figures to correlate the declining trend of the TOC with selected parameters. Furthermore, for statistical analysis of inter-annual yearly change in the TOC, the linearly fitted line has been also plotted on the basis of its statistical linear regression analysis. The statistically linearly regression fit line is illustrated along with their observed trend in the respective figures (Figure 1(a), Figure 1(b) ). The slope, correlation coefficient (in term of r) values and number of data points (N) are depicted in each respective figure, which gives the inference about multi-year TOC variable and its statistical significance relevance level, respectively (Figure 1(a), Figure 1(b) ) represent the monthly change in TOC derived from TOMS and as well as from the measurement of TOC values obtained from MICROTOPS-II Sun Photometer Ozonometer (M/s Solar Light Co. USA, Model-541) at Udaipur for selecting study years from 2002-2009. Likewise, the monthly multi-year variations in TOC measured from TOMS along with retrieved stratospheric parameters, i.e., U, V, AT at 30 mb and AI 300 nm have been also displayed in Figures 2(a)-(d) . [42] . Such depletion in ozone trend has been detected to be the highest magnitude varying from −7 to −15 DU/decade over Northern Indian region locations, at lower values from −2 to −5 DU/decade over the central Indian part and an insignificant trend about less than −1 DU/decade over the equatorial region or southern Indian site [21] [34]- [36] . Referring to the above results over varieties of distinct geographical locations and environmental conditions region, it is rather imperative to say from the previously reported results and present observations that rate of decreasing the decadal change in TOC level systematically reduces, as we shift from polar to low latitude region and furthermore toward equatorial latitude zone. However, in the present work, the estimated decadal declining trend of TOC value is reported to be the minimum of the order 2 DU per decade, which is lower than observed declining the change in TOC value of the order 7 to 15 DU per decade over other northern Indian tropical stations. However, it is comparable and consistent with the value of observing central Indian sites. Hence, the about the present reported findings concerning the order of reducing the TOC magnitude about 2 DU/decade is corroborated and matched with the earlier reported results over the central part of Indian region and lower than they observed TOC declining trend over northern Indian regions.
Results
In order to establish possible linkage of present lower declining long term TOC trends along with the similar variation of monthly mean wind components, i.e., U, V and AT at 30 mb, AI 300 nm, the average monthly behaviour of TOC are also illustrated by different color lines along with the average monthly variations in U, V, AT at 30mb and AI300 nm for the entire experimental period for similar geographical location in Figures  2(a)-(d) . From the close look to Figure 2(a) , it is noticed that meridional wind is mainly weak, i.e., less than ±4 m/s, in general the northward meridional wind coincides with the occurrence of a lower TOC value. Unlike to this, the peak TOC value may be noticed during observing southward meridional wind. Nevertheless, on the basis of statistical analysis inferences, a very poor correlation coefficient value (0.13) with insignificant statistical level is seen in the case of the correlation of the TOC with U. This month to month change in TOC magnitudes didn't show any much dependence with the U.
The year to year variation of monthly average TOC level along with their mean monthly zonal wind velocity component is depicted in Figure 2(b) . The zonal wind is primarily found westward in the winter month with the concurrence of observing lower TOC values and, then it turns systematically from westward to eastward during April to November of yielding with their higher TOC level. Therefore, zonal wind shows close resemblance with the average monthly TOC parameter (Figure 2(b) ). It is interesting to be noticed from the first look to plots that the average TOC magnitudes and zonal wind speed both change in accordance with almost in their same phase. The lowest TOC values correspond to prevailing higher westward wind component, in contrary to this, the higher TOC values are seen in June month, when the zonal wind remains mainly toward east. Hence, the monthly TOC amount increases in accordance with the decreasing of westward or increasing eastward wind speed or vice versa. On the basis of computing statistical parameters, such as r and p, the good statistical correlation coefficient value of 0.25 with the percentage of significance level above 95% is noted between the their TOC and zonal wind component, which further support the confirmation the positive relation with their observed monthly TOC and the zonal wind velocity. Figure 2(c) gives the comparative views of observed monthly average TOC values vary with their respective stratospheric atmospheric temperature (AT at 30 mb) for the entire selected study period. The monthly behaviour of TOC is seen to be varied exactly in similar fashion with their month to month change in the AT. The mean monthly TOC and AT values both increases in the same phase after attaining their minimum values of about 241 DU and −61˚C in January. After that their values showed to begin their growing level and, attained their peak values about 297 DU and −53˚C in June month. Subsequently, their levels go down onward July to attain their original values around 241 DU and −61˚C in December. It is more worthwhile to be noticed at this junction that the monthly values of AT at 30 mb are also found to be the highest in June and the lowest in December, which trend is quite comparable in nature to mean monthly behaviour of TOC. But, the reduction in the highest TOC values from 297 to 283 DU has coincided with a similar period of more enhancements in AT at 30 mb from −52˚C to −56˚C (Figure 2(c) ). Therefore, the increase or decrease in highest TOC values fluctuates accordingly to corresponding increases or decreases in the air temperature. It gives clearest indication about the warming of the stratosphere in summer months. It may attribute to perturbation in photochemical activity of ozone destruction in atomic oxygen and molecular oxygen under the presence of incident solar UV-B radiation and ODS substances. It is, therefore, further responsible for altering the thermal structures of stratosphere. Thus, the consequence of such reduction of TOC value seems to be in two folds i.e., (1) observed in term of increase in air temperature at a stratospheric height, which is quite expected from one of the causes by more consumption of incident UV-radiation in the destruction of ozone into atomic oxygen and molecular oxygen with incident solar UV solar radiation and (2) by the presence of UV absorbing aerosol type (AI 300 nm value above 1.5) in the summer months [18] [43] [44] . At this juncture, it is interesting to be noted that one of strong correlation coefficient value of 0.73 along with best significance level above 99.999% is appearing between their observed monthly averaged variation of both the TOC and AT. Thus, in among of all of these chosen parameters such as U, V and AI 300 nm also, the computed correlation coefficient between the TOC and the AT at 30 mb showed their highest value along with their possessing strong statistical confidence significance level above 99.99% as compared to other remaining parameters.
The month to month change in mean TOC and AI 300 nm is depicted in Figure 2(d) . It is observed from the figure that the monthly values also vary in similar fashion with the monthly variation of AI 300 nm. Moreover, it can also be seen from Figure 2 (d) that monthly variation of AI 300 nm occurs the minimum value as low as 0.2 to 0.3 in December and January or presence of lower UV absorbing aerosol type (winter months), afterward it shows the continuously increasing behaviour onward and attains its peak value as high as 1.2 to 2.6 during May and June or more occurrence of highly UV absorbing nature of aerosols. Subsequently, its value continuously decreases from summer month onward till winter months during the study period. The average monthly behaviour of AI 300 nm and TOC are quite analogous to each other. The occurrences of the lower value of TOC coincide with the occurrence of lower value of AI 300 nm or vice versa. On the basis of statistical inferences, a slightly lower correlation coefficient value of 0.17 with the computed the significance level above 95% is observed between their monthly behaviour of the TOC and AI 300 nm
Conclusions
In this paper, the multi-year behaviour of TOC over Udaipur has been described for the period from 2002 to 2009 by using the ground based and satellite based experiment. An attempt has also been made to associate the long-term declining trend in TOC with various stratospheric dynamic and aerosol parameters like AT 30 mb, V and U wind component and also to AI at 300 nm and their interrelation with the declining trend of TOC. Based on above results with multi-year analysis of TOC and its interrelationship with stratospheric and aerosol parameters, the following main conclusions are summarised as below over the Indian tropical station.
1) The overall declining trend in TOC value finds the order about 2 DU per decade, which is the lowest value as compared to previously reported results of high, mid and low latitude stations during past decades. On the basis of this fact, the present study suggests the consequence of declining in TOC about 2 DU/decade over tropical station may lead to perturbation in the increasing of ground level UV radiation level above 4% decade.
2) The strong negative correlation coefficient value between monthly variation of TOC and stratospheric air temperature supports the view of destruction of ozone with increase in temperature or thermal unbalance of the stratosphere. The occurrences of the lower value of TOC are also coinciding with more northward and westward wind or vice-versa. It gives further more support to the argument of TOC variability due to varying the atmospheric dynamics or transport variables over the tropical site.
3) The lower monthly TOC values are linked to the respective lower values of AI at 300 nm or more dominance of non-absorbing UV aerosol type. And, higher monthly TOC concentrations are associated with more presence of absorbing UV-aerosols type or higher AI 300 nm values. It may also be pointed out that the implication of decreasing of TOC level in summer months with corresponding increasing ground level UV-B radiation level in summer months may further coincide with the increase of availability of higher values of AI 300 nm or UV absorbing aerosols type.
Referring to above discussions, it may be summarised that some of the main responsible factors of declining of TOC may be linked with the coincidence of enhancement in stratospheric temperature, AI 300 nm and transportation of TOC due to changing in meridional and zonal wind circulation pattern during the study period along with presence of longer life ODS chemical substance as a catalyst in the stratosphere for destruction of ozone concentration.
